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Introduction

47
Two of the most exciting discoveries in human genetics of the past decade are that small-to 48 medium-sized Copy Number Variants (CNVs) are very common in the human genome, and 49 that there is a group of large CNVs that are strongly associated with brain development and 50 neuropsychiatric disorders such as schizophrenia and the autism spectrum disorders 51 (ASDs) 1,2 . These large CNVs are understood to be providing enticing points of entry to the 52 analysis of the strong but complex genetic and molecular (and possibly even cellular) basis 53 of these common disorders. 54 We now know that small to medium-sized CNVs, i.e. deletions or duplications of 55 genomic DNA sequence ranging in size from hundreds to tens of thousands of basepairs, are 56 present in any human genome with their numbers in the thousands 3-7 . Not very much is 57 known as of yet about such smaller CNVs' effects on the normal phenotype, but some 58 examples already exist that show that such effects could be considerable, such as the copy 59 number variation of the amylase gene associated with a given human population's ability to 60 digest high-starch food 8 .
61
Large CNVs, typically sized from hundreds of thousands to millions of basepairs of 62 genomic DNA sequence, were previously known to be in strong association with often-63 severe but rare congenital malformations, or found in cancer genomes. It was a striking 64 discovery when a series of studies 1,2 showed that there is a group of more than ten large 65 CNVs that are strongly associated with aberrant brain development and a resulting 66 neuropsychiatric phenotype such as schizophrenia, ASD or Williams Syndrome. These large 67 4 neuropsychiatric CNVs can encompass many genes and their effects across the various 68 molecular levels of gene activity and regulation and the clinical phenotype are complex and 69 only poorly understood.
70
On the molecular level these large neuropsychiatric CNVs have been mostly studied by 71 applying the research paradigm of trying to determine which single gene from within the 72 CNV boundaries is at the root of the large CNV's effects on brain development. Many very 73 interesting insights have been gained using this approach into a considerable number of 74 genes with these large CNVs.
75
However, these insights about individual genes fall far short of explaining the full 76 effects of the large CNVs. Also there already have been a number of transcriptome wide 77 studies that at least hint at certain network effects emanating from the large CNVs. Which 78 mechanisms mediate such transcription network effects is then the question. Furthermore 79 there are an increasing number of studies that show a potentially very important role of 80 chromatin regulation in the molecular etiology of neuropsychiatric disorder 9-15 .
81
Against this backdrop we reasoned that it was worthwhile testing whether large CNVs 82 with association to brain development might cause a disruption or at least alteration of one 83 or several aspects of chromatin conformation, such as the distribution of regulatory 84 chromatin marks, the long-range direct physical interactions between distant regions on 85 one chromosome or between different chromosomes or the higher-order chromatin domain 86 structures that are defined by such marks or interactions. Such effects on these important 87 layers of molecular regulation of gene activity would then constitute a novel principle by 88 which large CNVs could transmit their presence to the machinery of cellular physiology.
5
Here we show in a cohort of cell lines derived from patients with 22q11 Deletion 90 Syndrome that indeed chromatin marks, chromatin domains and long-range chromosome 91 interactions are affected in several distinct ways by a large, common and disease-associated 92 CNV on chromosome 22q11.2. We then go on to show in a smaller set of cell lines from 93 different patients that at least some of the same observations can also be made with another 94 neuropsychiatric large CNV, on chromosome 1q21.1.
95
22q11 Deletion Syndrome (22q11DS) is a disorder caused by a heterozygous deletion 96 of 3 million basepairs containing more than 60 known genes on chromosome 22q11.2. It 97 occurs in at least 1 in 4,000 live births. The common phenotypes of 22q11DS include a large 98 spectrum of congenital anomalies, for example of the facial structures and the 99 cardiovascular system -and notably there is a strong association with several 100 neurodevelopmental psychiatric disorders, in particular schizophrenia and ASDs 2,16-19 . In 101 this study we are using the large CNV on 22q11.2 as a model to determine the generalizable 102 principles along which large CNVs of this important category can lead to changes to the 103 various ways in which chromatin is ordered, using unbiased, genome-wide, sequencing-104 based assays for discovery.
105
Results
106
High-volume sequencing data generation for Hi-C chromosomal contact maps, ChIP-
107
Seq chromatin marks and RNA-Seq gene expression data
108
To determine possible effects of the 22q11.2 deletion on chromosomal interactions, we 109 generated Hi-C contact maps for 11 human lymphoblastoid cell lines (5 patient cell lines 110 with 22q11.2 deletion and 6 control cell lines without), with a total of 3.1 billion Hi-C 111 contact-reads of which 680 million read-pairs were of high quality and used for the 112 6 downstream analyses ( Supplementary Table 1 ). The existence of the 3 Mbp deletion in the 113 patient cell lines was validated by whole genome sequencing ( Supplementary Fig. 1 ).
114
As a first means of quality control we included in our data generation and analysis the 115 cell line GM06990, which was the cell line used in the original Hi-C paper 20 .
116
Interchromosomal contacts of GM06990 as determined by our own Hi-C data for this line 117 ( Supplementary Fig. 2a) show the same patterns of chromosomal interactions across the 118 nucleus as in 20 ; i.e. small chromosomes generally have more interactions with each other 119 than larger chromosomes with each other, and many more than chromosomes in the 120 medium size range. Specific interaction pairs, e.g. between chromosomes 17 and 19 were 121 also replicated in our GM06990 data. Global interchromosomal contact maps resulting from 122 combining all our controls and cases, respectively, again replicated these global interaction 123 patterns ( Supplementary Fig. 2b,c) .
124
To determine the effects of 22q11.2 deletion on gene expression patterns and 125 chromatin marks we performed RNA-Seq on 14 cell lines ( Supplementary Table 1 ) and 126 ChIP-seq of H3K27ac and H3K27me3 for 6 cell lines and CTCF for 5 of the same cell lines, 127 respectively ( Supplementary Table 2 ). 7 various normalization schemes 31 . For our Hi-C data however, we needed to be certain to 136 use a normalization method that is not thrown off from the outset by the presence of the 137 heterozygous 3 Mbp deletion in 22q11.2.
138
We tested three commonly used different normalization algorithms that were 139 developed for Hi-C data, using the rationale that the normalization methods should not 140 change the general patterns of interaction we can see in the raw data.
141
We found that not all of the available normalization methods are robust for use with 142 Hi-C data coming from genomes with large CNVs but that the hicpipe algorithm 21 is quite 143 suitable for this purpose (details of the comparison between normalization methods in the 144 Supplementary Information and Supplementary Fig. 3 ). 
175
Then we investigated whether this dosage effect of the 22q11.2 deletion on cis-contacts 176 (i.e. within the deletion boundaries and between the deletion region and elsewhere on 177 chromosome 22q) holds for trans-contacts as well (i.e. for contacts between the region 178 within the deletion boundaries and the rest of the genome). We found the trans-contacts 179 involving the 22q11.2 deletion in the patient cell lines and any other chromosome also 180 decreased compared to control cell lines ( Fig. 1c; Supplementary Fig. 4c ). No other 181 regions of chromosome 22q showed such an effect, and neither did any other pair of 182 autosomes that did not include 22q ( Fig. 1d; Supplementary Fig. 4d ).
183
The 22q11.2 deletion has an effect on gene expression and epigenetic profiles in the 184 22q11.2 region 185 Next we set out to identify the effects of the 22q11.2 deletion on gene expression and 186 epigenetic profiles. RNA-Seq analysis showed that all of the genes that were expressed 187 within the deletion boundaries in the 22q11.2 region showed decreased expression in 188 22q11.2DS patient lines relative to control cell lines ( Fig. 1e) . Our findings are consistent 189 with a previous study 32 .
190
Differential pattern analysis of H3K27ac, H3K27me3 and CTCF by ChIP-Seq showed the 10 majority of binding sites for these essential chromatin marks within the 22q11.2 deletion 192 boundaries with decreased signals in 22q11.2DS patient lines compared to control cell lines 193 ( Fig. 1f,g,h) . These decreased binding signals for such a large region are specific to 194 chromosome 22q11. 
205
Following this observation we wanted to examine whether there is an effect on the 206 chromatin marks concurrent to these increased chromosomal contact patterns. To do so we 207 performed enrichment analysis in our ChIP-Seq data for significantly differential signal 208 patterns for H3K27ac, H3K27me3 and CTCF, respectively. We found that both the upstream 209 and downstream flanking regions of the 22q11.2 deletion were enriched with significantly 210 differentially bound sites of both H3K27ac and H3K27me3 ( Fig. 2a,b) . For CTCF the 211 downstream deletion-flanking region was enriched with significantly differentially bound 212 sites (Fisher's exact test p = 2.53E-06) ( Fig. 2c) . c 12 by H3K27me3 showed significantly differential binding (Fisher's exact test p = 0.0075 for 222 H3K27ac and p = 5.67E-05 for H3K27me3 respectively). Intriguingly, for H3K27ac all of the 223 5 sites with significant differential binding were bound less strongly while for the same 224 region for H3K27me3 all of the 6 sites with significant differential binding were bound 225 more strongly in the 22q11DS patient lines. For the downstream region, from 23Mb to 226 23.5Mb, 5 out of 13 sites with H3K27ac binding and 11 out of 30 sites with H3K27me3 227 binding showed significantly differential binding (Fisher's exact test p = 0.0004 for 228 H3K27ac and p = 1.26E-07 for H3K27me3 respectively). Again we observed the reciprocity 229 between significantly differential changes for the two different histone marks: 4 out of 5 230 sites for H3K27ac gave a less strong signal while all of the 11 of such sites for H3K27me3 231 showed a stronger signal in the 22q11.2DS patient cell lines.
232
Such reciprocity in signal strengths between these two histone marks is a general close proximity to each other by the 22q11.2 deletion (Fig. 1a) .
298
The second largest fold change (1.96) of cis-contacts involving region 21.5-22 Mbp was 299 for contacts with region 50-51 Mbp, i.e. towards the very telomeric end of chromosome 22q 300 ( Fig. 1a) . Intriguingly, we also observed strong positive correlation between region 22-22.5
301
Mbp and region 50-50.5 Mbp for CTCF binding (Pearson's r = 0.933, p = 0.02)
302
( Supplementary Fig. 5a ) and between region 22-22.5 Mbp and region 50.5-51 Mbp for 303 H3K27ac enrichment (Pearson's r = 0.811, p < 0.05) (Supplementary Fig. 5b ).
304
Furthermore there was weak correlation between region 22-22.5 Mbp and 50.5-51 Mbp for 305 H3K27me3 enrichment (Pearson's r = 0.74, p = 0.090) ( Supplementary Fig. 5c ). Given that 22q11DS cell lines than in control cell lines (p value 0.008) ( Fig. 4; Supplementary Fig. 6 ).
318
Taken together, our results strongly indicate that the 22q11. 18 the genome-wide level, we found 272 trans-contacts with a p-value of less than 0.0001 ( Fig.   333 5a). Interestingly the majority of these chromosomal trans-contacts did not involve 334 chromosome 22q as one of the interacting partners. Notably, 56 of these interchromosomal 335 contact signals are among the top 5% of the strongest trans-contacts (Fig. 5b) . This 
392
We next sought to identify whether genome-wide there were entire genomic regions 393 that are enriched for differentially expressed genes. As expected, the most significant 394 signals for this analysis were located in the 22q11.2 region ( Fig. 6b; Supplementary Fig.   395   7) . No other regions genome-wide achieved FDR corrected significance (Supplementary 396 Fig. 7) .
22
Correlation between histone modification and gene expression
398
To examine whether the gene expression changes are consistent with the histone 399 modification changes, we assigned the H3K27ac and H3K27me3 peaks to their nearest 400 genes based on the distance to their transcription start sites and for each gene, we only 401 retained the closest peak for both histone marks. We observed that significantly 402 upregulated genes in 22q11.2DS cell lines exhibited significantly higher fold change of 403
H3K27ac enrichment (permutation test p = 0.0140) and significantly lower fold change of 404 H3K27me3 enrichment (permutation test p = 0.0018) than genes non-significantly 405 upregulated in 22q11.2DS cell lines (Fig. 6c) . Consistently, significantly downregulated 406 genes in 22q11.2DS cell lines exhibited significantly lower fold change of H3K27ac 407 enrichment (permutation test p = 0.0002) but significantly higher fold change of H3K27me3 408 enrichment (permutation test p = 0.0227) than genes non-significantly down regulated in 409 22q11.2DS cell lines (Fig. 6c) .
410
Moreover, genes whose transcription start sites (TSSs) showed significantly 411 upregulated binding by H3K27ac in 22q11DS cell lines exhibited significantly higher fold 412 change of expression (permutation test p < 2.2e-16) than those with non-significantly 413 upregulated binding, while those TSSs showing significantly downregulated binding 414 exhibited a significantly lower fold change of expression (permutation test p = 0.0202) than 415 those with non-significantly downregulated binding (Fig. 6d) . Consistently, genes whose 416 TSSs showed significantly upregulated binding by H3K27me3 in 22q11DS showed 417 significantly lower fold change of expression (permutation test p = 0.0037) while those with 418 significantly downregulated binding exhibited significantly higher fold change of expression 419 (permutation test p = 0.0027) between 22q11DS and control cell lines (Fig. 6d) .
420
We also calculated the correlation between gene expression and H3K27ac binding 421 23 affinity across the individuals for all the genes with TSSs bound by H3K27ac. In line with the 422 above results, we found significantly higher Pearson's correlation coefficients than the 423 coefficients obtained from permutations (Wilcoxon rank sum test p < 2.2e-16)
424
( Supplementary Fig. 8a) . This difference was even more significant when we included the 425 differential expressed genes (absolute fold change > 2) only (Wilcoxon rank sum test p < 426 2.2e-16) or the differential H3K27ac bound genes only into our analysis (Wilcoxon rank 427 sum test p < 2.2e-16) (Supplementary Fig. 8a) . Unsurprisingly, we also observed 428 significantly higher Pearson's correlation coefficients between gene expression and 429 H3K27me3 binding than the coefficients obtained from permutations for the differential 430 expressed genes (absolute fold change > 2) only (Wilcoxon rank sum test p = 9.72e-04) and 431 the differential H3K27me3 bound genes only (Wilcoxon rank sum test p = 3.71e-06)
432
( Supplementary Fig. 8b) . Together, our results demonstrated that gene expression (Fig. 7a,b) . As observed in the 22q11DS cell 443 lines, in the 1q21.2del cell lines there was an increase of intrachromosomal contacts 444 between the regions directly flanking the main CNV of 1q21.1 (Fig. 7a) . Analysis of A/B 445 24 compartments showed that the eigenvector sign of the downstream boundary region of the 446 1q21.1 deletion was inverted ( Fig. 7c) 
